Little is known about the impact of sleep disturbances on the structural properties of the developing brain. This study explored associations between childhood sleep disturbances and brain morphology at 7 years. Methods: Mothers from the Generation R cohort reported sleep disturbances in 720 children at ages 2 months, 1.5, 2, 3, and 6 years. T1-weighted Magnetic Resonance Imaging (MRI) images were used to assess brain structure at 7 years. Associations of sleep disturbances at each age and of sleep disturbance trajectories with brain volumes (total brain volume, cortical and subcortical grey matter, white matter) were tested with linear regressions. To assess regional differences, sleep disturbance trajectories were tested as determinants for cortical thickness in whole-brain analyses. Results: Sleep disturbances followed a declining trend from toddlerhood onwards. Infant sleep was not associated with brain morphology at age 7. Per SD sleep disturbances (one frequent symptom or two less frequent symptoms) at 2 and 3 years of age, children had −6.3 (−11.7 to −0.8) cm 3 and −6.4 (−11.7 to −1.7) cm 3 smaller grey matter volumes, respectively. Sleep disturbances at age 6 years were associated with global brain morphology (grey matter: −7.3 (−12.1 to −2.6), p value = .01). Consistently, trajectory analyses showed that more adverse developmental course of childhood sleep disturbances are associated with smaller grey matter volumes and thinner dorsolateral prefrontal cortex. Conclusion: Sleep disturbances from age 2 years onwards are associated with smaller grey matter volumes. Thinner prefrontal cortex in children with adverse sleep disturbance trajectories may reflect effects of sleep disturbances on brain maturation.
INTRODUCTION
The specific functions of sleep remain a scientific enigma, yet, research has provided sufficient evidence that sleep serves recovery duties to the brain. 1 Sleep patterns and problems in adults have been associated with structural and functional properties of the brain. [2] [3] [4] Compared to good sleepers, insomnia patients were shown to have smaller grey matter volumes in the orbitofrontal cortex, 5 and less activation in prefrontal cortical areas during task-based functional Magnetic Resonance Imaging (fMRI). 6 However, little is known about how sleep disturbances influence the developing brain.
Sleep problems occur frequently in children, with prevalence estimates of up to 30%. 7 The relation of sleep problems with various neurodevelopmental outcomes is well documented. Sleep disturbances have been longitudinally related to poor cognitive functioning, 8 behavioral and emotional problems, 9 autism, 10 and hyperactivity, 11 in late childhood and adolescence. Crosssectional research in children has shown that various sleep indices correlate with brain morphology: deep sleep brain waves underlie adolescents' cortical maturation differences 12, 13 and longer sleep duration corresponds to more grey matter in the hippocampus and dorsolateral prefrontal cortex. 14 In addition, adolescents' sleep length variability has been longitudinally related to decreased white matter integrity in several tracts. 15 However, it is unclear whether sleep disturbances have longitudinal effects on brain morphology already in early childhood.
Most previous studies focused on distinctive sleep parameters, such as sleep duration or architecture, but sleep problems often appear in concert, 16 and show persistency from early childhood to adolescence. 17 In particular, dyssomnia symptoms such as difficulty initialing or maintaining sleep can represent misalignment in the two processes that shape sleep patterns: homeostatic processes and circadian timing. 18, 19 Animal research shows that normal sleep patterns allow the brain to reestablish the synaptic homeostasis 20 that is disturbed by plastic changes resulting from learning and daily experiences. This process is particularly important for the developing brain, as childhood is a time of concentrated learning and daily acquirement of fundamental skills. 21 Indeed, experience-dependent brain plasticity measured by the sleep electroencephalogram was shown to be higher in children than in adolescents and adults. 22 Against this background, the hypothesis that undisturbed sleep facilitates
Statement of Significance
Sleep problems in childhood are as common as 30%. Symptoms of sleep disturbance often appear in conjunction, and show persistency from early childhood to adolescence. In particular, dyssomnia symptoms, such as difficulty initialing or maintaining sleep can represent misalignment in the two processes that shape sleep: homeostatic processes and circadian timing. This study provides evidence that childhood dyssomnia problems might interfere with neurodevelopment up to age 7. Sleep problems or the disturbances associated with them could interfere with the maturational processes of the brain, which is potentially reflected in smaller grey matter volumes and thinner prefrontal cortex. If future studies confirm the link between sleep and neural maturation, children with high and persistent sleep problems should be considered a vulnerable group for adverse neurodevelopment. Interventions tackling sleep hygiene could be implemented to targeting this group to benefit neural development. SLEEP, Vol. 40 neurodevelopment and maturation has been formulated. 12, [21] [22] [23] Sleep homeostasis starts to emerge around the second month of life and rapid changes of sleep patterns continue throughout toddlerhood and childhood. 19 These changes in sleeping patterns are considered important developmental milestones, however a critical period during which sleep contributes most for neurodevelopment has not been shown. It is also unclear whether the impact of childhood sleep disturbances is more pronounced in brain areas involved in higher cognitive processing, such as the frontal cortex, which is most vulnerable to sleep deprivation. 24 The present population-based study explored the association of repeatedly measured childhood sleep disturbances from age 2 months to 6 years with neuroanatomy as assessed by structural MRI scans at age 7. We tested if there is a critical period in early childhood when sleep disturbances are particularly important for brain development. Next, we combined repeatedly assessed sleep disturbances to define sleep problems trajectories across childhood. We hypothesized that persistent sleep disturbances during early childhood interfere with cortical development (eg, earlier decrease in synaptogenesis) and maturation (eg, excessive pruning) resulting in less grey matter volume, and/or thinner cortex. Specifically, due to rapid cognitive development during early childhood, we expected thinner cortex in frontal brain areas among children with persistent sleep disturbances.
METHODS
This study was conducted within the Generation R Study, a population-based prospective cohort from fetal life onwards. 25 All pregnant women living in Rotterdam, the Netherlands, with an expected delivery date between April 1, 2002 and January 1, 2006 were invited to participate. The Medical Ethics Committee of the Erasmus Medical Centre, Rotterdam, approved the study and written informed consent was obtained from all parents.
For this study, all children with maternal assessment of sleep problems on at least two time points between 2 months and 6 years, and an MRI brain scan around 7 years were eligible (n = 828). After exclusion of images with insufficient quality or incidental findings, sample sizes ranged between 579 and 689 children in any single analysis, depending on the individual time points of sleep assessment. The trajectories of sleep disturbances across childhood were based on all children participating in the Generation R Study with sleep problems assessment on at least two time points between 2 months and 6 years of age ("The full cohort": n = 5796).
Sleep Assessment
Sleep problems were assessed with postal questionnaires at 2 (interquartile range [IQR] 2.2-3.6) months, 1.5 (IQR 1.5-1.6) years, 2 (IQR 1.9-2.1), 3 (IQR 3.0-3.1) years, and 6 (IQR 5.8-6.1) years. At 1.5, 3, and 6 years, mothers answered seven questions measuring Sleep Problems from the Child Behavior Checklist (CBCL 1.5-5) on a three-point likert scale (0-not true, 1-somewhat or sometimes true, or 2-very or often true). 26 Consistent with previous studies, 16, 17 exploratory factor analysis of the CBCL Sleep Problems Scale revealed two constructs measuring sleep problems of different domains with a potentially diverse neurobiological background at each time point. By computing a weighted sum score of the five dyssomnia items we constructed a dyssomnia scale (Doesn't want to sleep alone; Has trouble getting to sleep; Resists going to bed at night; Sleeps less than most kids during day and/or night; Wakes up often at night), but did not study parasomnia, as symptoms like nightmares and night terrors are shown to be more transitory. To obtain information on sleep disturbances at more time points across childhood, we also used other questionnaires that evaluated children's sleep patterns to assess dyssomnia. Weighted sum scores at ages 2 months and 2 years were computed using age appropriate dyssomnia items that closely mirror those of the CBCL dyssomnia scale (Supplementary Figure S1) . To ensure that the Generation R sleep items measure the same construct as the CBCL dyssomnia scale, confirmatory factor analysis was performed in the "Full cohort" of children (n = 5796) with at least two assessments of sleep disturbances. Standard model fit indices showed a very good fit (RMSEA = 0.045, CFI = 0.919), indicating that the same construct was measured over the follow-up time. Internal consistency per time point ranged between 0.61 and 0.74. Details on factor analyses are shown in Supplementary  Table S1 and Supplementary Figure S1) .
Next, we took a developmental approach and defined groups of children based on their patterns of sleep disturbances over time. Trajectories of sleep disturbance across childhood were defined using Latent Class Trajectory Models. 27 This is a person-centered modeling approach that estimates growth curves across unobserved subpopulations by assigning a most likely latent trajectory class to each individual. Because model accuracy depends on the sample size, this analysis was performed in all children (n = 5796). There were no substantial differences in the distribution of the trajectories classes between the children that underwent MRI scanning and "The full cohort." Standard criteria shown in Supplementary Table S2 indicated that a threeclass model fit our sample best (Supplementary Figure S2) . Average posterior probability of correct class assignment was above 0.94 for each class. The largest group was the "decreasing to low sleep disturbances" class (n = 363, 50.7%), which followed a normative developmental decline of sleep problems as previously reported 18 and was therefore defined as the reference. The "stable at medium sleep disturbances" class comprised of 239 (33%) children and the "increasing to high sleep disturbances" class comprised of 118 (16.3%) children.
Magnetic Resonance Imaging
The neuroimaging protocol in the Generation R Study has been described previously. 28 Children aged 6 to 9 years were first familiarized with the MRI environment during a mock scanning session. Structural MRI scans were obtained on a 3T scanner (General Electric Discovery MR750, Milwaukee, MI). T1-weighted inversion recovery fast spoiled gradient recalled (IR-FSPGR) sequence was obtained using an eight-channel head coil, with the following parameters: repetition time (TR) = 10. 
Quality Assessment
Quality assessment was performed in two steps. First, all T1-weighted scans were rated on a six-item scale for quality (unusable, poor, fairly good, good, very good, excellent). Scans rated below "fairly good" were excluded. After processing through FreeSurfer, all images were visually inspected for segmentation quality. Again, images that were rated as unusable or poor were excluded from analyses (n = 108).
Image Processing
Cortical reconstruction and volumetric segmentation were performed with the FreeSurfer image analysis suite 5.1 (http:// surfer.nmr.mgh.harvard.edu/), as previously described. 29 Cortical thickness was calculated as the closest distance from the gray/white boundary to the gray/cerebrospinal fluid boundary at each vertex on the tessellated surface. 30 The surface-based map was smoothed using a 10-mm, full-width half-maximum Gaussian kernel prior to the surface-based analyses. FreeSurfer morphometric procedures have been demonstrated to show good test-retest reliability across scanner manufacturers and across field strengths. 31 Numerous studies in typical and atypical developing school aged children have used this procedure.
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Covariates
Child Characteristics
Information on sex, date of birth and gestational age was obtained from midwives and hospital registries. Congenital anomalies were retrieved from perinatal and neonatal registries. 37 Child's ethnicity was based on parent's country of birth 38 and categorized into: "Dutch" (Netherlands), "Other-Western" (other European and North American countries), and "Other non-Western." Paroxysmal events were defined as epilepsy, neonatal seizures, febrile seizures or other seizures and reported by mothers in a screening questionnaires at ages 2, 6, and 12 months. 39 Mothers reported if their child snored at 6 months of age. Child weight at 10-13 months was assessed at child health centers, and age and sex-adjusted z scores were calculated. 40 Child internalizing and externalizing problems at age 3 years were assessed with the CBCL. 26 Children's Intelligence (IQ) at age 6 years was estimated from the Mosaics and Categories subtest of the SnijdersOomen Non-Verbal Intelligence Test-Revised. 41 Information on physician-diagnosed asthma was obtained by maternal report at 6 years. 42 Handedness was measured using a modified version of the Edinburgh Handedness Inventory. 43 
Maternal Characteristic
Maternal education was assessed with questionnaires at enrollment and classified into high, intermediate, or low. 38 History of tobacco smoking was obtained by postal questionnaire in early, mid-and late pregnancy and categorized into: "never smoked," "stopped smoking when pregnancy was known" and "continued smoking during pregnancy." Affective symptoms were assessed by averaging the depression and anxiety subscales from the Dutch version of the Brief Symptom Inventory, 44 filled in by the mother when the child was 3 years of age.
Statistical Analyses
First, we tested whether the dyssomnia items from 2 months to 6 years assess the same construct using confirmatory factor analysis. The sleep disturbance sum scores correlated highly with the factor scores at each age (correlation coefficients ranging between 0.93 and 0.99), thus to simplify interpretation we used sum scores for all analyses. Because the number of items varied per time point (Supplementary Figure S1) , we standardized the scores to enable comparisons. At each time point, the associations of sleep disturbances with global brain volumetric measures at age 7 were analyzed with linear regression models. The sleep disturbances scores were log transformed to approach normality and regression residuals were normally distributed in all tested associations. The effect estimates of the associations with brain volumes (cm 3 ) can be interpreted as SD increments or decrements of sleep disturbances. MRI outcomes (total brain volume, cortex volume, cerebral white matter volume and subcortical grey matter volume, hypothalamic and thalamic volume) were residualized for age at scanning (6-10 years). Based on previous literature or >5% change in effect estimate of the predictor variable, models were adjusted for child's sex, age at sleep assessment, handedness, ethnicity, snoring, body mass index (BMI), presence of paroxysmal events and congenital anomalies, asthma status, and mother's history of smoking during pregnancy, education and affective symptoms score. Because of high collinearity of total brain volume with grey matter (r = 0.96) and white matter (r = 0.94) volumes, total brain volume was only controlled in the analyses with subcortical structures and no adjustment for multiple comparisons was performed. To explore whether cognition or behavioral problems explained the associations between sleep disturbances and brain volumes, we constructed two models additionally adjusted for nonverbal IQ and either externalizing or internalizing problems. Missing values on covariates (less than 15%, except for congenital malformations 20.6% and snoring 37.5%) were imputed using multiple imputation to create ten complete datasets. Statistical analyses were run in the ten datasets and results were pooled.
In addition to individual time point analyses, developmental trajectories of sleep disturbances were estimated. Differences among the trajectory groups were compared with χ 2 statistic for categorical variables, ANOVA for normally distributed variables and Kruskal-Wallis for variables with skewed distribution. First, the sleep disturbance trajectory classes were entered as predictors for global brain volumes in linear regression models. The decreasing to low sleep disturbance trajectory class was used as a reference and the same covariates were controlled for. Next, regional differences in cortical morphology across the childhood sleep disturbance trajectories were explored. Vertex-wise (whole-brain) analyses were performed using the FreeSurfer QDEC module. Regions for which sleep disturbance trajectories were associated with cortical thickness, cortical surface area or cortical volume were identified using a General Linear Model. The three trajectories of sleep disturbances were entered as a continuous predictor for cortical thickness, surface area and cortical volume at each vertex (decreasing to low sleep disturbance = 1, stable at medium sleep disturbance = 2, increasing to high sleep disturbance = 3), controlling for sex, age, handedness, prenatal smoking exposure, child's externalizing and internalizing problems, IQ, BMI, ethnicity and maternal education. Analyses were corrected for multiple comparisons using the built-in Monte Carlo simulation at a p value .05 threshold, a cluster wise correction that controls for the rate of false positive clusters. Factor analyses and trajectory analyses were conducted in Mplus version 7.1 (Muthén & Muthén, 1998-2013). Other analyses were performed using SPSS Statistics 21.0 (IBM Corporation, Somers, NY).
Nonresponse Analysis
Based on chi-squared test statistics the children who underwent MRI scanning (n = 720) were more likely to be Dutch (75% vs. 63%, p value < .01) compared to "The full cohort." However, the samples did not differ in maternal education, sex, age or sleep disturbance score at any of the time-points.
RESULTS
Characteristics of the participating children and their mothers are shown in Table 1 . Model fit indices confirmed that the same sleep disturbance construct is measured over the follow-up period and reliability of the sleep disturbance scores was above 0.6 at each time point (Supplementary Table S1 and Supplementary Figure S1) . Sleep disturbances followed a declining trend from toddlerhood onwards. Distributions of the sleep disturbance scores varied per time point, however, in terms of absolute symptomatology, 1 SD approximately equals 1 frequent/severe symptom or two 2 less frequent/severe symptoms at each time point.
Associations Between Childhood Sleep Disturbances and Brain Morphology
We tested the associations of sleep disturbances assessed at different ages with total brain volume, cortical and subcortical grey matter volume, white matter volume and volumes of hippocampus and thalamus. We found no association for any of the brain volume measures with sleep disturbances at age 2 months and 1.5 years (Table 2) . At 2 and 3 years, sleep disturbances were associated with smaller grey matter volumes at age 7, but not with white matter, subcortical grey matter volumes, hippocampal or thalamic volume (Supplementary Table  S5 ). Children had on average −6.3 (−11.7 to −0.8) cm 3 Table S3 ). The effect estimates between sleep problems at 3 years and grey matter volume slightly attenuated when correcting for co-occurring externalizing problems, however the observed association remained (−5.2 cm 3 , 95% CI −10.2 to −0.1, p = .047, Supplementary Table S3) .
Association of Sleep Disturbance Trajectories and Brain Morphology
Children in the increasing to high-trajectory class were more likely to be of non-western ethnicity, and had more behavioral and emotional problems at 3 years (Table 1) . Mothers of these children were less educated, were more likely to smoke during pregnancy and had higher affective symptoms scores. The association of childhood sleep disturbance trajectories with global brain volumetric measures is shown on Table 3 . Children in the increasing to high sleep disturbance class had smaller total brain volumes compared to children with decreasing to low sleep disturbances (−26.8 cm 3 95% CI: −50.2 to −3.4). Compared to the reference, children in the increasing to high sleep disturbance class had on average −14.2 cm 3 (95% CI: −27.6 to −0.9) smaller grey matter volumes, with a consistent dose-response relationship across the sleep disturbance trajectories (p for trend = .02). We observed no significant differences in subcortical grey matter volume, or volume of the hippocampus and thalamus among the sleep disturbance trajectories (Supplementary Table  S5 ). Controlling for behavioral problems slightly attenuated the association between childhood sleep disturbance trajectories and brain volumes (Supplementary Table S4 ).
Next, regional differences were investigated by entering the sleep disturbance trajectories as predictors for cortical thickness, cortical surface area and cortical volume at each vertex. Adjusted for covariates, a negative association of childhood sleep disturbance trajectories with cortical thickness was identified at a cluster of the middle frontal gyrus including the right dorsolateral prefrontal cortex shown on Figure 1 (1133 mm 2 p corrected = .0067). Adverse developmental trajectories of childhood sleep disturbances were related to thinner cortex in the right dorsolateral prefrontal cortex, independent of child ethnicity, behavioral problems and other child and maternal characteristics. After correction for multiple comparisons, we observed no associations between sleep disturbance trajectories and cortical surface area or cortical volume.
DISCUSSION
This study investigated the prospective associations between sleep disturbances throughout early childhood and brain morphology in 7-year-old children from the general population. Children with more sleep disturbances in the first 6 years had smaller brain volumes at 7 years. From age 2 years onwards, sleep disturbances predicted grey matter differences, and sleep disturbances observed at 6 years were associated with global brain morphology. Adverse childhood sleep disturbance trajectories were associated with smaller brain volumes at age 7. Surface-based analyses identified regional differences in cortical thickness between children following a different developmental course of sleep disturbances, independent of behavioral problems, and other child and maternal characteristics. Children with more adverse sleep disturbance trajectories had thinner cortex in the right dorsolateral prefrontal cortex.
To the best of our knowledge this is the first prospective study of childhood sleep problems and brain morphology. Grey matter deficits in similar regions of the prefrontal cortex have been found in adults with primary insomnia 5, 6, 45 and older children with obstructive sleep apnea. 46 In line with our results, crosssectional studies in older children have reported associations of sleep duration and deep sleep with grey matter in the prefrontal cortex. 12, 14 More support for our findings comes from cognitive research. Two longitudinal studies assessed sleep problems with the CBCL repeatedly across childhood and found relations with SLEEP, Vol. 40 
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working memory at age 16 years, 17 and executive control at age 17 years. 16 Different explanations for our findings are possible. First, the association between childhood sleep disturbances and smaller brain volumes could reflect an early decrease in synaptogenesis related to sleep disturbances. Genes expressed during abnormal sleep-wake cycles might affect neurodevelopment through cellular growth arrest, as a natural cellular stress response. Child age at MRI scan, y ± SD 7.9 ± 1.0 8.0 ± 1.0 7.9 ± 1.0 7.8 ± 1.0
Gestational age at birth, wk ± SD 39.9 ± 1.9 39.9 ± 1.9 39.8 ± 1.8 39.9 ± 2.0
Congenital malformation, % yes 6.4 7.6 6.9 4.7
Sleep disturbances, score ± SD At 2 mo 2.68 (±1.9)* 2.5 ± 1.8 2.8 ± 1. Indeed, animal studies have shown that the expression of genes involved in cellular stress (eg, BiP) increase during sleep deprivation across species and brain regions. 48 Alternatively, childhood sleep problems might disturb neuroplasticity. Structural, molecular and experimental evidence shows that sleep-dependent synaptic homeostasis might be particularly important during early cortical development. 12, 20, 22, 47, 49 Childhood sleep disturbances or the associated behavioral and/ or cognitive difficulties might interfere with the process of experience-dependent molding of the cortical columns, resulting in less grey matter both regionally and globally. 21, [49] [50] [51] The global trend of smaller cortical volumes among children with more sleep disturbances showed meaningful regional specificity. Childhood sleep disturbances were associated with thinner cortex in the dorsolateral prefrontal area (reduced cortical thickness). No regional differences in cortical surface area or cortical volume were found, corresponding to previously reported independent developmental paths of the different cortical measures. 36, [52] [53] [54] [55] [56] [57] In line with our findings, gray matter in the right dorsolateral prefrontal cortex was shown to correlate positively with sleep duration in older children.
14 The prefrontal cortex has the most protracted development during childhood, 58, 59 is involved in high order cognitive processes and is therefore most vulnerable to sleep deprivation. 60 The dorsolateral prefrontal cortex is part of the central executive network which continues developing into adolescence, 61 thus it is plausible that childhood sleep disturbances would specifically interfere with its development. 16 The cortical maturation curve follows a U-shaped trajectory, 62 shows regional specificity 58 and developmental differences, 59 thus children with more sleep problems could be delayed in attaining peak cortical thickness or advanced on the maturation curve of the prefrontal cortex (ie, earlier pruning). 12, 13 Longitudinal MRI data would be necessary to test this hypothesis. However, we controlled for age at sleep pattern reports and at MRI scanning, to account for any developmental differences. Given the lack of baseline MRI scans, we cannot rule out reverse causality, that is, rather than being a consequence of sleep disturbances, brain morphology may underlie childhood sleep disturbances. However, both our and the findings of others, 16, 17 indicate that sleep problems assessed at later ages provide more precise information compared to those at earlier ages. Sleep problems in infancy are more prevalent and likely to be part of normal development, thus less predictive of later neurobiological outcomes.
Sleep problems are more prevalent in children with psychiatric problems, 63 thus behavioral, emotional and sleep problems are likely to be associated with brain morphology in a complex and bidirectional manner. Indeed, our sensitivity analyses showed that the global differences in grey matter volume were partly explained by externalizing behavioral problems. Alternatively, using the same questionnaire to assess both sleep and behavioral problems might have introduced shared method bias resulting in over-adjustment of the association. Importantly, the association of sleep disturbance trajectories with thinner cortex in the prefrontal area was independent of behavioral problems.
This study has a distinctively suitable measurement timeline to study the prospective associations of childhood sleep disturbances and brain development up to age 7. A crucial advantage is the MRI in a big sample of children from the general population, at an important maturational stage for brain structures and functions. Although we were able to take many covariates into account, residual confounding might be present. Some potential confounders such as sleep apnea, neural system medication use and medical comorbidities (eg, adenotonsillar hyperplasia) were not assessed. 46 Because of the observational design of this study and the absence of baseline brain scans, causality cannot be inferred. In addition, maternal reports of sleep might have decreased the precision in our sleep disturbance estimates. Actigraphy is an objective and affordable method that can be applied to a large sample of children; however, it informs less about behavioral sleep problems, such as bedtime resistance or lack of sleep autonomy.
To conclude, childhood sleep disturbances are associated with smaller brain volumes, in particular of grey matter. Differences in cortical thickness among children with high or persistent sleep disturbances in the first 6 years were located in the dorsolateral prefrontal cortex, potentially reflecting the neurodevelopmental impact of poor sleep. Future research should explore how sleep disturbances interfere with neurodevelopment, using different neuro imaging modalities alongside to behavioral and cognitive outcomes. If the link between sleep and neural maturation is confirmed, children with high and persistent sleep problems should be considered as a vulnerable group for adverse neurodevelopment. 
